Abstract. Roles of water in the formation of secondary organic aerosol (SOA) from the irradiations of toluene-NO2 and isoprene-NO2 were investigated in a smog chamber. Experimental results show that the yield of SOA from toluene almost 10 doubled as relative humidity increased from 5% to 85%, whereas the yield of SOA from isoprene under humid conditions decreased by 2.6 times as compared to that under dry conditions. The distinct difference of RH effects on SOA formation from toluene and isoprene is well explained with our experiments and model simulations. The increased SOA from humid toluene-NO2 irradiations is mainly contributed by O−H-containing products such as polyalcohols formed from aqueous reactions. The major chemical components of SOA in isoprene-NO2 irradiations are oligomers formed from the gas phase. SOA formation 15 from isoprene-NO2 irradiations is controlled by stable Criegee intermediate (SCI) that is greatly influenced by water. As a result, high RH can obstruct the oligomerization reaction of SCI to form SOA.
Introduction
Water is an important environmental factor that can influence the formation of secondary organic aerosol (SOA) through the physical or chemical processes, and is often represented with relative humidity (RH) or liquid water content (LWC). Toluene 20 and isoprene are two important precursors of SOA, which are representatives of volatile organic compounds (VOC) from anthropogenic and biogenic sources. Both toluene and isoprene can produce glyoxal during their oxidation processes in the atmosphere. As widely reported, glyoxal is a typical precursor of SOA formed in the aqueous phase (Volkamer et al., 2009;  Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2017-1064 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 13 December 2017 c Author(s) 2017. CC BY 4.0 License. Lim et al., 2010 Lim et al., ,2013 Ervens et al., 2011; Shen et al., 2016) . The difference is that toluene contains an aromatic ring, which is mainly oxidized by OH radicals, while isoprene contains two C＝C bonds, which can also be oxidized by O3 in addition to OH. The Criegee intermediates are distinctive species in the ozonolysis of alkenes. Stabilized Criegee intermediates (SCI) can react with carbonyl products, alcohols, H2O and organic peroxy radicals (RO2) (Neeb et al., 1998; Calvert et al., 2000; Sadezky et al., 2008; Huang et al., 2013; Chao et al., 2015) . SCI-derived reaction products have been observed in the aerosol phase 5 (Sadezky et al., 2008; Huang et al., 2013; Sakamoto et al., 2013; Inomata et al., 2014; Zhao et al., 2015 Zhao et al., ,2016 . Thus, toluene and isoprene can provide insight into the roles of water in SOA formation from different kinds of VOCs.
RH has a positive correlation with the mass yield of SOA from aromatics, such as p-xylene (Healy et al., 2009) , toluene White et al., 2014) , o-, p-xylene , benzene and ethylebenzene (Jia and Xu, 2014) .
This has been mainly attributed to aqueous-phase reactions, such as active uptake of glyoxal in particle water. An exception is 10 from the study of Cocker et al. ( 2001) who found that the yield of SOA from m-xylene and 1,3,5-trimethylbenzene in the presence of propene was unaffected by RH (5% and 50%) . This is probably due to the presence of propene in their reaction systems, which can reduce the OH radicals, leading to the decrease in the yield of SOA (Song et al., 2007) .
The relationship between RH and SOA formation from isoprene is still not very clear. SOA from isoprene has been widely studied, as summarized by Carlton et al. (2009) . An earlier study from Dommen et al. (2006) showed that RH had little effect 15 on the SOA yield from isoprene-NOx (x=1, 2) irradiations in the absence of seed particles at 2% and 84% RH. A study from Zhang et al. (2011a) showed that RH had a negative effect on SOA formation from isoprene-NOx irradiations with seed particles of (NH4)2SO4 under two RH conditions (15-40% and 40-90%) and ascribed the rise of SOA yield under lower RH to the enhancement of 2-methylglyceric acid (2-MG) and its corresponding oligomers. found that RH did not affect the yields of SOA from isoprene in their isoprene-NOx-H2O2 irradiations without seed particles under dry (2%) and 20 humid (90%) conditions. Zhang et al. (2012) studied SOA formation from methacrolein (MACR, one of major products from isoprene) under different ratios of MACR/NO. Their results showed that the effect of RH on formation of SOA depended on the yields of SOA precursors (e.g. methacryloyl peroxynitrate, MPAN). In addition, isoprene-derived organosulfates (Zhang et al., 2011a; Zhang et al., 2012) and isoprene epoxydiols (IEPOX) -derived products (Nguyen et al. 2014) are enhanced under Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2017-1064 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 13 December 2017 c Author(s) 2017. CC BY 4.0 License.
higher RH. A recent study from Lewandowski et al. (2015) showed that the aerosol yield from isoprene-NO irradiations decreased with increasing RH (9% to 49%). The role of water in SOA formation is so complex that more research is still required to understand mechanisms of SOA formation.
Both toluene and isoprene can produce glyoxal during their oxidation processes. Why was the positive effect of RH on the SOA yield of isoprene not observed? We consider that different chemical processes are likely responsible for the different 5 effects of RH on the SOA yields from toluene and isoprene. One of the most important differences between isoprene and toluene reaction systems is oxidation pathways. To clarify the different mechanisms of SOA formed under different humid conditions, this paper presents the experimental results of mass yields and chemical components of SOA from toluene and isoprene under controlled RH conditions, as well as the explanation of the mechanism of SOA formation.
Experimental section
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All the experiments were carried out in a 1.3-m 3 FEP reactor (DuPont 500A, USA). The equipment and experimental procedures were similar to our previous works Xu, 2014, 2016; Ge et al., 2017) . Thus, only a brief introduction is given here. Two ionizing air blowers were around the reactor to remove the electric charge on the surface of the reactor. A light source was provided by black lamps (F40BL, GE, USA), with a center wavelength of 365 nm. The photolysis rate of NO2 was determined to be 0. that the particles were H2SO4 (less than 1 μg/m 3 ), which was formed from oxidation of SO2 by OH radicals.
Gas-phase organics were measured with a gas chromatograph-mass spectrometer (GC-MS: Agilent model 7890A GC and Agilent model 5975C mass selective detector, USA), which was equipped with a thermal desorber (Master TD, Dani, Italy).
Particle number and mass concentrations were determined by SMPS (TSI model 3936, composed by DMS TSI 3080 and CPC TSI 3776).
5
LWC was determined following the method of the reduced Dry-Ambient Aerosol Size Spectrometer (DAASS) (Engelhart et al., 2011) . During the dry mode, the SMPS was modified by adding a large diameter Nafion dryer (Permapure MD-700-48F-3, the RH of the sample air can be reduced from 85% to 3.5%) to the sampling inlet and a multi-tube Nafion dryer (Permapure PD-200T-24E-M, the RH of sheath can be reduced from 85% to 7%) to sheath flow. During the humid mode, the humid air in SMPS was quickly replaced by humid air in the chamber by venting the sheath air at 10 L/min, and then the humid aerosol 10 was measured by SMPS. As a result, the LWC was determined by the difference of the particle mass concentrations between dry and humid modes.
To analyse the chemical components of SOA, the particles ranged from 100 to 650 nm were collected on a 25 mm disk using a Dekati low-pressure impactor (DLPI, Dekati Ltd., Finland) at 10 L/min. Organic functional groups of SOA were measured by a Fourier transform infrared spectroscopy apparatus (FTIR, Nicolet iS10, Thermo Fisher, USA). The mass spectra of SOA
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were measured by electrospray ionization high-resolution mass spectrometer (ESI-HRMS, Exactive-Orbitrap mass spectrometer, Thermo Fisher Scientific). The average molecular size information of the humic-like substances (HULIS) present in SOA was determined by UV-Vis spectroscopy (Perkin-Elmer Lambda 25, USA) based on the ratio of E2/E3, in which E2 and E3 denote the absorbance at 250 nm and at 365 nm, respectively (Peuravuori et al., 1997; Duarte et al., 2005) .
The liquid reactants of toluene (Xilong Chemical Co., Ltd., 99.8% purity), isoprene (Alfa Aesar, 99.9% purity) or H2O2 ( 30 20 weight % in H2O) were injected into the airline and were evaporated with background air. NO2 (520 ppm in N2, Beijing
Huayuan Gas Company) was injected into the reactor directly. For the experiments of the oxidation of isoprene by OH, OH radicals were generated from the photolysis of H2O2 by UV lights (UVA-340, Q-Lab Corporation, USA). For the experiments of isoprene-O3 dark reaction, O3 was produced by an ozone generator with pure O2 (99.995%). N-hexane (>97% purity, Beijing Tongguang Fine Chemicals Company) was used as an OH scavenger in the ozonolysis of isoprene. To evaluate the possible contributions of SOA from n-hexane in the ozonolysis of isoprene with n-hexane, two experiments of the irradiations of hexane-H2O2 were performed for 6 hours, in which no SOA was observed by SMPS under both dry and humid conditions.
The initial conditions and purposes for the experiments are listed in Table 1 , most of which are the irradiations of toluene-NO2
and isoprene-NO2. The initial concentrations of isoprene and toluene were about 0.90 and 0.85 ppm respectively, and initial
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NO2 concentrations were about 320 ppb. At the end of each experiment, isoprene was almost completely consumed after 6-h reactions, and about 400 ppb of toluene was reacted at the end of 7-h reactions. 
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The LWC in particles makes up a great percentage under humid conditions (as shown in Figure 1 ). To calculate the yield of SOA, the LWC has to be excluded. On the other hand, since LWC was only measured at the end of reaction, to obtain the time evolution of SOA concentrations we needed to deduct LWC during the whole reaction period. The value of LWC depends on chemical components of particles and environmental conditions (temperature and humidity). The volume growth factor (VGF) was used to estimate the contributions of LWC in particles, which was defined by Engelhart et al. (2011) as the ratio of the 20 particle volume at humid air to the particle volume at dry air. Assuming that all the particles are spheres and have the same growth factor, the VGF is equal to the growth factor (GF) cubed as: by our modified SMPS is reliable.
SOA yields
We assumed that the VGF did not change during the reaction course. Thus, the LWC from toluene and isoprene under humid conditions can be determined by VGF. Figure 2 shows that in touene-NO2 irradiations, the mass concentrations of SOA at 81% RH are much larger than those at 10% RH, with a ratio of maximum mass concentration of SOA at 81% RH to that at 15 10% being 2.2. However, in isoprene-NO2 irradiations, the mass concentrations of SOA at 80% RH are much lower than those at 7% RH, with the ratio of maximum mass concentration of SOA being 0.57, which is almost the same as that from isoprene-O3 reactions. For isoprene-H2O2 irradiations, the mass concentrations of SOA from humid conditions are generally larger than those under dry conditions. Nevertheless, the maximum mass concentration of SOA from humid conditions is 177.9 μg/m 3 , which is close to that from dry conditions.
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The mass yield of SOA generally increases with time. The maximum yields during the experimental course were used for the following discussion. The mean maximum yields of SOA from toluene were obtained to be 5.58±0.76% (dry) and 8.97±0.84%
(humid) respectively (Figure 3 ). Our results are within the range obtained by other investigators Odum Ng et al., 2007) . Previous studies Zhou et al., 2011; Jia & Xu 2014; Wang et al., 2016) mainly ascribed the positive effect of RH on SOA yields from aromatics to LWC, which can enhance the formation of SOA by aqueous reactions, such as reactive uptake of glyoxal in aerosol water. Our yields of SOA from toluene are smaller than those from Ng et al. (2007) (around 11% at 4% RH) and Hildebrandt et al. (2009) (11-17% at 21% RH) , which is probably due to the additional and excessive OH radical sources (HONO or H2O2) used in their experiments.
5
A negative effect of RH on SOA yields was observed in the systems of isoprene-NO2-hν and isoprene-O3. The mean maximum yields from isoprene-NO2 irradiations are reduced from 3.14±0.35% (dry) to 1.19±0.38% (humid) ( Figure 3 ). This negative RH effect is in good agreement with the corresponding results from Zhang et al. (2011) and Lewandowski et al. (2015) . The yields of SOA from our isoprene-O3 reactions are 3.00% (dry) and 1.40% (humid), which are quite close to the results from the isoprene-NO2 system. This shows that the ozonolysis of isoprene is a key pathway influencing the SOA formation in isoprene-NO2 irradiations. RH has little effect on the SOA yields from isoprene-H2O2 irradiations. The maximum yields of SOA were determined to be 7.7% (dry) and 7.8% (humid) from photooxidation of isoprene-H2O2, which are in good agreement with the results (around 8%) of isoprene-H2O2 irradiations under dry conditions from Clark et al. (2016) . A similar yields (7%)
of SOA from photooxidation of isoprene-NOx-H2O2 was also obtained in the results from . Based on the experimental conditions in , we estimated that for their reaction system over 99% of isoprene was oxidized 15 by OH and the remaining 1% by O3 by using simulations based on the Master Chemical Mechanism (MCM v3.3.1, website:
http:// mcm.leeds.ac.uk/MCM, Jenkin et al., 2015) . Thus, the reaction system by can be considered to be closer to isoprene-H2O2 system. These results show that high RH can reduce the maximum yields of SOA from the reaction channel of isoprene with O3 (O3 channel) and that RH has little effect on the maximum yields from the reaction channel of isoprene with OH (OH channel).
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In our isoprene-NO2 irradiations, based on the MCM simulation, the amount of isoprene oxidized by OH, O3 and NO3 is 59%, 25% and 16% at the end of reactions, respectively. For these three oxidation channels, RH has little effect on SOA yields from OH channel oxidization. NO3 is similar to OH, and only O3 channel is greatly influenced by RH. The maximum possibility is that O3 channel can produce SCIs that can be consumed by water. Thus, although most of isoprene was oxidized by OH and the SOA yield from the OH channel was over 2 (5) times greater than that from the O3 channel under dry (humid) conditions, the O3 channel was still a major pathway influenced by water vapor in the isoprene-NO2 system, which will be discussed in the following section.
UV-Vis spectra of SOA
Toluene and isoprene have a similar yield of glyoxal and a close value of VGF in this study. Thus, it would be reasonable to 5 expect that RH should have a positive influence on the SOA yield from isoprene. However, the yield is greatly reduced in the humid systems of isoprene-O3 and isoprene-NO2, and almost unchanged in isoprene-H2O2 irradiations. Zhang et al. (2011a) and both reported that oligomers were greatly reduced under humid conditions, and considered that high RH suppressed the oligomerization reactions with water as a product. The molecular sizes of SOA can reveal the degree of oligomerization reactions. Thus, we used the UV-Vis spectra to determine the molecular size information of SOA indirectly.
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Larger molecules displayed higher absorbance in longer wavelength regions as surmised by Mostafa et al. (2014) All the spectra are characterised with a continuous absorption that increases with decreasing wavelength from 200 nm up to about 1100 nm (Figure 4 ), which indicates the presence of conjugated double bond molecules (such as oligomers).
We used the UV-Vis spectra to determine the molecular size information of SOA, which can provide information about oligomerization degree of molecular through the ratio of E2/E3 indirectly. Lower E2/E3 ratios are associated with higher 15 molecular weight (Peuravuori et al., 1997; Duarte et al., 2005) . The ratios of E2/E3 are 1.27 (1.53), 1.29 (2.25), 1.69 (1.97) and 1.55 (1.73) under dry (humid) conditions from our systems of toluene-NO2, isoprene-NO2, isoprene-O3 and isoprene-H2O2, respectively. The E2/E3 ratios show that high RH can indeed reduce molecular sizes of SOA and suppress the oligomerization reactions generating water as a product. Nevertheless, if the suppression of the oligomerization reactions under humid conditions is the main reason for the decrease in SOA yield from isoprene, why is the maximum yield from isoprene-H2O2 20 irradiations unchanged under humid conditions. In addition, oligomers have been also identified as important products of SOA from aromatics, and water is a byproduct during oligomerization process (Lim et al., 2010; Gaston et al., 2014; Kalberer et al., 2004 ). However, a negative effect of RH on SOA yield from aromatics has never been observed. Thus, there must be an intrinsic mechanism regarding the influences of RH on the SOA yield from isoprene.
3.3 IR spectra of SOA 3.3.1 Toluene Figure 5 (a and b) shows the typical infrared spectra of SOA from the irradiations of toluene under both dry and humid conditions. The prominent features on SOA spectra are the board hydrogen bonded O−H stretching, the carbonyl C＝O 5 stretching, the organic nitrate (ONO2) bands, the C−OH bands of alcohols or polyalcohol. The bands all greatly increase by over 2 times as RH increases from 10% to 81%. These changes of band strength with RH are quite similar to the changes of the SOA mass yield with RH.
To further reveal the chemical properties of the increased products formed from humid conditions, the SOA sample from humid conditions was evaporated. First, we found that the IR spectrum of SOA almost did not change after being heated at 10 100°C for 15 minutes. Then the sample was further evaporated at 110°C for 15 minutes. After the evaporation at 110°C, the major absorption bands were considerably changed. As a result, the spectrum is almost the same as the spectrum of SOA collected under dry conditions (Figure 5c ). The major reduced absorptions are from the O−H and C−OH bands (Figure 5d ).
These bands are assigned to hydrates of glyoxal and other water soluble compounds in SOA (Volkamer et al, 2009; Lim et al, 2010; Kamens et al., 2011; Jia and Xu, 2014; Wang et al., 2016) . Therefore, it is considered that alcohols (such as hydrates)
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are major contributors to toluene SOA under humid conditions.
LWC is an important factor that can greatly influence the contribution of SOA from aqueous reactions. The maximum LWC was measured to be about 44 μg/m 3 from humid toleuene-NO2 irradiations. To determine the role of LWC in SOA formation, extra LWC was introduced into the reaction system by adding 10 μg/m 3 of NaCl particles. The initial LWC was determined to be 30 μg/m 3 , and maximum LWC was 74 μg/m 3 during 6 hours of reaction. The major changes for SOA were all the bands 20 assigned to O−H, C＝O and C−OH (Figure 5e ), which were enhanced by 50%, 29% and 35% respectively, and the mass concentrations of SOA were increased by 16%, compared to those in humid conditions without extra LWC. This demonstrates that the increase of LWC can greatly enhance the formation of SOA from hydration of glyoxal. Therefore, it is concluded from our study that the formation of SOA from toluene is controlled by LWC under humid conditions, and that most of SOA is formed by aqueous reactions in touene-NO2 irradiations.
Isoprene
Isoprene-NO2 system
The spectra of SOA from the irradiations of isoprene-NO2 are characterized by the high abundance of C＝O and ONO2 groups (Liu et al., 2012) . Because such replacement hardly changes the vapor pressure of 10 corresponding species (Pankow et al., 2008) , newly formed alcohols should remain in the aerosol phase. We also did extra experiments to test the hydrolysis of organic nitrates. After the SOA sample from dry isoprene-NO2 irradiation was exposed to humid air (90% RH) for 1 hour, we did not find any apparent change in ONO2 group. Meanwhile, the peak height ratios of ONO2/O−H from SOA are almost the same under dry and humid conditions. Thus, the hydrolysis of nitrates is not the major reason for the decrease of particle phase organic nitrates. It also indicates that aerosol phase oligomers can hardly be influenced 15 by RH. Then, high RH likely inhibited the formation of particle-phase organics by reducing the oligomerizations in the gas phase (e.g. SCI-derived oligomers).
RH generally enhances SOA formation by the aqueous reactions. Similarly, the aqueous reactions also exist in isoprene-NO2
irradiations. However, the maximum LWC from humid isoprene-NO2 irradiations was measured to be 8 μg/m 3 at the end of reaction, which is much smaller as compared to 44 μg/m 3 in toluene irradiations. Taking glyoxal as an example, although the 20 maximum concentrations of glyoxal were simulated to be 39 ppb in isoprene-NO2 irradiations, which is only 60% of its maximum concentrations of 65 ppb from toluene irradiations, due to the limitation of LWC, the SOA from the aqueous reactions was significantly reduced in isoprene-NO2 irradiations. To further confirm the role of LWC, we did an additional conditions. Thus, high water vapor can probably inhibit some key processes responsible for SOA formation from isoprene-NO2 irradiations, which will be discussed in the following contents.
Isoprene-H2O2 and Isoprene-O3 systems
To determine which process responses to the decrease of SOA under humid conditions from isoprene-NO2 irradiations, IR spectra of SOA from the OH and O3 channels were studied respectively. Since O−H-containing products from terpene are 10 more enriched from the OH channel oxidation than from the O3 one (Calogirou et al., 1999) , here the absorption ratio of O−H to C＝O was used to examine the difference between the O3 and OH oxidation channels. Higher values of O−H/C＝O ratio should be expected to be more from the OH channel than from the O3 channel.
The IR spectra of SOA from the isoprene-H2O2 system are characterized by strong absorptions of hydrogen bonded O−H and C−OH and weak absorption of C＝O under both dry and humid conditions (Figure 7 top), with the peak height ratios of O−H/C 15 ＝O being 1.63 (dry) and 1.45 (humid), which strongly supports that alcohols or polyalcohols are major components of SOA from isoprene-H2O2 irradiations. Under humid conditions, the peak at 1090 cm -1 assigned to C−O−C group from esters is slightly decreased, while the band at around 3200 cm -1 from O−H absorption is broadened as compared to the dry condition.
It indicates that esters (e.g. oligomers) decrease while the compounds containing O−H increase under humid conditions.
Nevertheless, the relative abundances of O−H, C＝O and C−OH groups are almost the same between dry and humid conditions,
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which shows a weak effect of RH on SOA from isoprene-H2O2 irradiations as compared to isoprene-NO2 irradiations. In OH channel, isoprene can be oxidized to form RO2 (ISOPO2 . Under humid conditions, IEPOX can be absorbed into particle water to produce polyalcohols (Nguyen et al., 2014) . In addition, the decrease of C−O−C group indicates that the formation of oligomers is inhibited by the abundance of particle water as discussed in section 3.2.2, which is in agreement with the result of Lin et al. (2014) . Because polyalcohols (dominant) and IEPOX-derived 5 oligomers are all in the aerosol phase, the total mass concentration of SOA does not change much under humid conditions in isoprene-H2O2 irradiations. In other words, RH does not change the partition of IEPOX in our experimental conditions. This is consistent with the result of Riva et al. (2016) that water has a weaker impact on IEPOX-derived SOA yield.
As reported by Gaston et al. (2014) , the reaction probability (γIEPOX) of IEPOX into acidic particles decreased with the increase of RH due to the dilution effect. Thus, the yield of SOA is expected to show a negative correlation with RH. However, both 10 the yield and IR spectra of SOA formed from OH pathway in isoprene-H2O2 irradiations are weakly dependent on RH under our experimental conditions. H2SO4 particles are formed in background air in our experiments. The mass of H2SO4 particles is less than 1 μg/m 3 . When liquid water content increases from 1 μg/m 3 to the maximum 54 μg/m 3 under humid conditions, the pH value is estimated to be in the range of 2 to 3.7. In this pH range the value of γIEPOX is still large enough (Gaston et al. 2014) , so that partition is not the limited step for IEPOX uptake. Similarly, SOA formation can also be enhanced by acid-15 catalyzed reactions in toluene-NO2 irradiations (Jang et al., 2002) . However, our experimental results show that the yield of SOA is increased rather than decreased at higher RH. Therefore, the acidity dilution effect by higher RH is not remarkable under our experimental conditions.
In the isoprene-O3 systems, if the bands from ONO2 are excluded, both the shape and band intensities of IR spectra of SOA are quite similar to those of SOA from isoprene-NO2 irradiations. very apparent under dry conditions, which decreases by 60% under humid condition. Oligomer products in SOA have been suggested to be formed by the reactions of n (n=1-10) SCI with RO2 in the ozonolysis of small enol ethers and trans-3-hexene (Sadezky et al., 2008; Zhao et al., 2015) . Thus, SCI derived oligomers are also deduced to be the key components in SOA from the O3 channel of isoprene. To examine the influence of RH on oligomer formation from SCI, the reactions of SCI with RO2 and with their products (n=1-10) were added to MCM. The rate constant for these reactions was set to be 5 × 10 -12 cm 3 5 molecule -1 s -1 (Vereecken et al., 2012) . When RH increases from 10% to 88%, the consumption of SCI by water increases from 13% to 58%, while the SCI-derived oligomers decrease from 87% to 42%. The reaction products of SCI with H2O have relative high vapor pressures as compared to oligomers, so they are mainly in the gas phase. Therefore, humid condition can reduce the SOA formed by SCI-related reactions in the isoprene-O3 systems.
In isoprene-NO2 irradiations, the ratios of O−H/C＝O are 0.35 (0.36) under dry (humid) conditions, which are almost the same 10 as the corresponding values in isoprene-O3 but totally different from the values in isoprene-H2O2. The yields, IR spectra (ratios of O−H/C＝O) and the influence of RH on SOA production from the isoprene-O3 system are almost the same as those from isoprene-NO2 irradiations. In isoprene-NO2 irradiations, even though 60% of isoprene was oxidized by OH, because of the presence of NO, most of ISOPO2 from oxidation of OH could be quickly consumed by NO to form MPAN (around 15 ppb under both dry and humid conditions) and other products, leading to the decrease of IEPOX from 224.0 ppb (in isoprene-H2O2) 15 to 41.2 ppb (in isoprene-NO2). MPAN is one of key precursors of SOA from isoprene under high NOx conditions (Surratt et al., 2010) . With additional OH sources, MPAN can be oxidized by OH to form SOA products (such as 2-methyltetrols) (Surratt et al., 2010; Lin et al., 2013; Nguyen et al., 2015) . Both the results from Nguyen et al. (2014) On the other hand, similar to the isoprene-O3 system, SCI-related reactions in the isoprene-NO2 system were probably key pathways. To quantify the formation and the RH effect of SOA in isoprene-NO2 irradiations, the SCI-related reactions were added into MCM. Simulations show that when RH increases from 7% to 80%, the concentration of SCI-derived oligomers 10 decreases by 44% because of the reaction of SCI with water. Therefore, without extra OH sources, the formation of SOA is still controlled by the SCI.
Mass spectra of isoprene SOA
To further determine whether SCI-derived oligomers are the major components of SOA from isoprene-NO2 irradiations, the high resolution mass spectra of SOA under dry and humid conditions were obtained with ESI-HRMS (Figure 8 ). The mean 15 molecular size of SOA was reduced from 352 under dry conditions to 295 under humid conditions, which is in good agreement with the results by UV/Vis spectra. The peaks on the spectrum show highly regular mass differences, especially in the range of 300 ~800 m/z, which is a typical structure for polymers or oligomers (Kalberer et al., 2004) . The total intensity of peaks in the range of 300 to 800 m/z under dry conditions is reduced by 75% as compared to that under humid conditions. This demonstrates that oligomers are probably a major component of SOA from isoprene-NO2 irradiations, which are greatly 20 reduced under humid conditions. The mass spectrum of SOA from the ozonolysis of isoprene is similar to the one from theisoprene-NO2 system. The spectrum of SOA from isoprene-H2O2 ( Figure 9 ) shows a very different feature from that SOA from isoprene-NO2. It does not reveal obviously regular structures of the peaks for oligomers. 
Analysis of oligomers with KMD method
To further characterize whether SCIs are the major building blocks of the oligomers in SOA from isoprene-NO2 irradiations, a Kendrick mass defect (KMD) analysis was used. The KMD analysis is a standard method to visualize the complex organic mass spectra (Kendrick, 1963) . The Kendrick mass (KM) is converted from the IUPAC mass M by multiplying a factor of NM base /M base (i.e., the factor is 14.00000/14.01565 for the base unit of CH2) using equation (2). NMbase is the exact mass applied extensively for complex SOA sample analyses using HR-MS (Reinhardt et al., 2007; Walser et al., 2008; Nguyen et al. 2010 Nizkorodov et al., 2011 ). In addition, since different series of homologous oligomers may have similar KMD values, the KMD data need to be pre-sorted by z* value that is calculated by equation (4) are chosen as the base units for KMD analysis, which shows that the ratios of compounds containing SCI units are reduced by 45% on average as RH increases from 7% to 85%. This is also in good agreement with MCM simulation of decrease in SCIderived oligomers by 44% and with the decrease of intensity of peroxide C−O−O absorption in FTIR (Figure 6 ). In addition, the KMD analysis is also used to determine the chemicals of oligomers in SOA from isoprene-H2O2. All the above base units are tested, and the results show that CH2O-containing oligomers are the major products in SOA, and the lengths of oligomers 15 are much shorter than those from isoprene-NO2. The maximum repeat unit number of n is less than 3 in most families of oligomers in SOA from isoprene-H2O2. By contrast, the maximum value of n is larger than 5 in oligomer families of SOA from isoprene-NO2. This indicates that SCIs incline to produce long chain oligomers.
Base unit of CH2OO
It has been considered that the CH2OO radical can serve as an oligomer unit in SOA from the ozonolysis of ethylene (Sakamoto 20 et al. 2013 ). CH2OO has the highest yields (50.1%) of all the SCIs from isoprene. The KMD analysis shows that the mass of CH2OO-containing oligomers account for 46.2% (29.4%) of total mass on the MS under dry (humid) conditions. Figure 11 displays the selected mass spectra of oligomers with CH2OO as chain units and their corresponding KMD plots under dry and humid conditions, which shows that both the length of oligomer chains and the number of oligomers are greatly reduced under humid conditions. The number of oligomers under humid condition is reduced by 64% as compared to dry conditions. Another feature of CH2OO-based oligomers is that the molecular sizes of their monomers are larger than 300 (C14-C17), which probably come from other oligomers formed during reactions. This indicates that most CH2OO-based oligomers are formed in the particle phase. conditions. In addition to CH2OO, MACROO and MVKOO based oligomers have the second highest contribution to SOA among all the SCIs. Similar to CH2OO, the maximum number of chain units is 6 in oligomers from C4H6O2. However, the 10 molecular size of monomers is much smaller than that from CH2OO. The most frequent monomer is C3H6O2 as shown in Figure 12 . Based on Chemspider database and MCM simulation, we deduced that C3H6O2 is from hydroxyacetone (ACETOL), which is the most abundant carbonyl-containing products in isoprene-NO2 reaction system. The maximum concentration of ACETOL is over 90 ppb based on our experimental conditions. C2H2O3 is deduced to be glyoxylic acid that is one of products from isoprene irradiation. SCIs can react with carbonyl and alcohol products (e.g., ACETOL), RO2 and H2O. However,
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different from the isoprene-O3 system, MCM simulations show that most of RO2 is consumed by NO in isoprene-NO2
irradiations. Thus carbonyl and alcohol products become the major monomers for SCI oligomerizations.
An addition of a C−O−O group can change the vapor pressure of oligomers (containing n SCI units) by a factor of 2.5× 10 -3 (Pankow et al., 2008) . The vapor pressures of SCI-derived oligomers (e.g. C3H3O2-[C4H6OO]n) are estimated to be less than 10 -7 atm (n≥2) and 10 -12 atm (n ≥ 4). The compounds can self-nucleate as their vapor pressures are less than 10 -9 atm (Kamens 20 et al., 1999) . It indicates that the initial particles in the O3 oxidation channel of isoprene are formed by the self-nucleation of oligomers (n ≥ 4). The oligomers with n≥2 probably further condensed on these particles. Thus, MACROO or MVKOO based oligomers can be formed in the gas-phase (e.g. reaction 4 and 5). With the increase of chain units, these oligomers can either 
Other base units of oligomers
It is worth noticing that the yield of CH3OC3H3OO (C4H6O3) is only 1.4% based on the MCM simulation. However, the 5 contribution of C4H6O3 to oligomers is as high as 25.3% (9.0%) under dry (humid) conditions (Table 2) . Thus, C4H6O3 is not totally from CH3OC3H3OO. 2-MG usually serves as molecular tracers for isoprene SOA (Kleindienst et al., 2007) . As reported by and , C4H6O3 was the repeated unit of 2-MG's corresponding oligomers in SOA from isoprene-NOx irradiations. C4H6O3 is formed from dehydration of 2-MG in oligomers. Thus, most of C4H6O3 base oligomers can be contributed by 2-MG in our work. The ratios of CH2OO, MACROO and MVKOO based oligomers are almost 2 times larger than that from 2-MG under both dry and humid conditions. Thus, even though the ratio of C4H6O3 base oligomers was decreased by 65% as RH increased from 7% to 85%, 2-MG derived oligomers would not be the major reason for the decrease of SOA yield from isoprene-NO2 irradiations. In addition to C4H6O3, CH2 and CH2O based oligomeric compounds also have high ratios in isoprene-NO2 systems, which have been also reported as the most prominent units in SOA products from the ozonolysis of isoprene in the Nguyen et al. (2010) study under dry conditions. However, different from SCI 15 based oligomers, the ratios of CH2 and CH2O based oligomers decreased by 18% and 14% as RH increased from 7% to 85%, respectively. Thus, the reduction of SCI based oligomers is the major reason for the decrease of SOA yields from isoprene-NO2 photooxidations. It is noted that the wall loss of semi-volatile organic compounds (SVOC) can lead to the underestimation of the yield of SOA (Matsunaga & Ziemann 2010; Loza et al., 2010; Zhang et al., 2014; Yeh & Ziemann 2015; Ye et al., 2016; Palm et al., 2016; Krechmer et al., 2016; La et al., 2016; Nah et al., 2017) . Since SCI-derived oligomers are the major products of SOA from 5 isoprene-NO2 irradiations, a question arises about which process is dominant for the reduction of SOA production under humid condition, wall loss of SCI related oligomers ( in gas-phase) or the reaction between SCI and H2O. The MCM simulation
shows that SCIs are so reactive that most of them are consumed by reactions before they are lost to the wall ( Figure 13 ). The percentage of the SCI consumed by H2O was increased from 6% to 46% as RH increased from 5% to 85% due to the extremely high concentration of gas H2O. The removal of SCI by H2O (85%RH) can lead to a decrease of SCI -derived oligomers by 10 43% as compared to 5%RH. The result is comparable with the decrease of SOA yields of 62%) from isoprene-NO2 irradiations.
Meanwhile, as discussed in the previous section, the vapor pressure of SCI-derived oligomers were very low that they were ready to condense on particles. The upper limit of wall loss rate constant of 4.8 × 10 -4 s -1 for SVOC was calculated from the equation given by McMurry and Grosjean (1985) , while the condensation rate constant of SVOC to the particles was calculated to be over 0.65 s -1 in our study based on the equation from La et al (2016) . This indicates that the condensation rate of gas-phase oligomers to particles is much fast than that to the wall. Therefore, the reactions between SCIs and H2O rather than the wall loss of SVOC is the major cause for the decrease of SOA formation from isoprene-NO2 irradiations in this work.
Effects of water on SOA formation: O3 vs OH
Our results clearly show that the different effects of RH on SOA yields originate from the oxidation channels (Figure 14 ). Both the OH and O3 channels can well explain the differences of results in isoprene-NO2 irradiations from the 20 studies. In the Zhang et al. study, there were no additional OH radical sources in their systems. Thus, the SOA was mainly from the O3 channel. Similar to our isoprene-O3 systems, a negative effect of humidity on SOA yield was observed in their work. In the Nguyen et al. work, due to sufficient OH radical source, over 99% of isoprene was oxidized by reactions (SCI-derived oligomers) can be inhibited by high water vapor. In previous studies, SOA was usually modeled based on the vapor pressures of SVOC, which only considers the effect of temperature. Our study strongly suggests that RH is also a key factor in SOA formation.
Conclusion
Opposite effects of RH on SOA formation from the irradiations of toluene and isoprene have been elucidated in our work.
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Different influences of RH on both SOA yields and mean molecule size demonstrate the different mechanisms related to SOA formation from the irradiations of toluene and isoprene. High RH can greatly enhance the SOA formation in toluene-NO2 system, so that the maximum yields of SOA from toluene increased from 5.58% (dry) to 8.97% (humid). FTIR spectra show that the increased part of SOA under humid conditions was mainly contributed by aqueous reactions of water soluble products (e.g. glyoxal). Different from toluene-NO2 irradiations, water has a complex role in isoprene systems. In isoprene-H2O2 15 irradiations systems, RH has no remarkable effects on SOA yields. FTIR spectra show that water can inhibit the oligomerization reactions; however, polyalcohols were still the major products in both dry and humid conditions from isoprene-H2O2 irradiation, which was mainly from the reactive uptake of IEPOX in the presence of H2SO4 particles from background gas. In isoprene-O3 and isoprene-NO2 irradiation systems, high RH has a negative effect on SOA yields, which decreased from 3.14% (dry) to 1.19% (humid). According to the FTIR, ESI-HRMS, KMD analysis and MCM simulations, it 20 is considered that the oligomers with SCIs as base units were the major products of SOA in isoprene-O3 systems and isoprene-NO2 irradiation systems. Under humid conditions, the SCIs can be consumed by water in the gas-phase, leading to the decrease 
